Yang W, Rudick CN, Hoxha E, Allsop SA, Dimitrakoff JD, Klumpp DJ. Ca 2ϩ /calmodulin-dependent protein kinase II is associated with pelvic pain of neurogenic cystitis. Am J Physiol Renal Physiol 303: F350 -F356, 2012. First published May 30, 2012 doi:10.1152/ajprenal.00077.2012.-Interstitial cystitis/painful bladder syndrome is a chronic bladder inflammatory disease of unknown etiology that is often regarded as a neurogenic cystitis. Interstitial cystitis is associated with urothelial lesions, voiding dysfunction, and pain in the pelvic/perineal area. In this study, we used a murine neurogenic cystitis model to identify genes participating in the development of pelvic pain. Neurogenic cystitis was induced by the injection of Bartha's strain of pseudorabies virus (PRV) into the abductor caudalis dorsalis (tail base) muscle of female C57BL/6J mice. Mice infected with PRV developed progressive pelvic pain. The sacral spinal cord was harvested on postinfection days (PID) 2 and 4, and gene expression was analyzed by microarrays and confirmed by quantitative RT-PCR. On PID 2, the overall expression profile was similar to that of uninfected sacral spinal cord; by PID 4, there were substantial differences in expression of multiple functional classes of genes, especially inflammation. Analysis of pain-signaling pathways at the dorsal horn suggested that Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) contributes to neurogenic cystitis pelvic pain. Consistent with this, CaMKII␦ expression exhibited a mast celldependent increase in the sacral spinal cord at the mRNA level, and phospho-CaMKII immunoreactivity in the dorsal horn was increased on postinfection day (PID) 4 during PRV infection. Finally, intrathecal injection of the CaMKII inhibitor KN-93 attenuated the PRV pain response. These data suggest that CaMKII plays a functional role in pelvic pain due to neurogenic cystitis. transcriptome; pseudorabies virus INTERSTITIAL CYSTITIS (IC) is a chronic bladder inflammatory disease with unknown etiology that afflicts as many as 1 million patients in the United States, with women comprising ϳ90% of patients. IC is associated with severe pelvic pain and voiding dysfunction that includes urinary frequency, urgency, and nocturia (15, 31). IC is often considered a neurogenic cystitis due to both voiding dysfunction and the partial efficacy of sacral nerve stimulation or neuropharmacological therapies in some patients, which suggests a neural component (reviewed in Ref. 11). Supporting this idea, cats are susceptible to feline IC, a disease that closely mimics human IC and is associated with increased activity in the sympathetic nervous system (32).
INTERSTITIAL CYSTITIS (IC) is a chronic bladder inflammatory disease with unknown etiology that afflicts as many as 1 million patients in the United States, with women comprising ϳ90% of patients. IC is associated with severe pelvic pain and voiding dysfunction that includes urinary frequency, urgency, and nocturia (15, 31) . IC is often considered a neurogenic cystitis due to both voiding dysfunction and the partial efficacy of sacral nerve stimulation or neuropharmacological therapies in some patients, which suggests a neural component (reviewed in Ref. 11) . Supporting this idea, cats are susceptible to feline IC, a disease that closely mimics human IC and is associated with increased activity in the sympathetic nervous system (32) .
A longstanding model of IC pathogenesis involves a positive feedback loop, whereby substance P-containing peripheral nerves stimulate mast cells, in turn releasing inflammatory mediators that induce urothelial inflammation (10) . In this model, histamine released by mast cells feeds back onto peripheral nerves to cause sustained release of substance P and mast cell activation. Consistent with this model, patients with IC show elevated mast cell counts in the bladder lamina propria and increased levels of urinary histamine metabolites, and lamina propria mast cells are correlated with IC symptoms, supporting a role for mast cells in at least a subset of IC patients (1, 2, 9, 20, 30) .
The precise mechanisms underlying pelvic pain in IC remain unclear, but recent studies using rodent models of neurogenic cystitis model are identifying mechanisms of bladder pathogenesis that may contribute to pelvic pain. Infection of rats with the attenuated Bartha's strain of pseudorabies virus (PRV) at the tail base muscle was shown to induce a cystitis accompanied by mast cell activation (13, 14) . PRV-induced cystitis was not recapitulated by virus injection into the bladder, but was attenuated by either resection of bladder innervation or ablation of Barrington's nucleus, a brain center of bladder control, thus demonstrating that PRV induces a centrally mediated, neurogenic cystitis. In mice, PRV inoculation at the tail base muscle was found to promote mast cell trafficking to the bladder lamina propria and bladder pathology driven by mast cell production of tumor necrosis factor-␣ (3-5). PRV also induced allodynia specific to the pelvic region that was subject to colonic modulation, reminiscent of IC pelvic pain and exquisite sensitivity of many IC patients to specific dietary constituents (17, 18, 25, 27) . Although pelvic allodynia was dependent on mast cells similar to PRV-induced pathology, allodynia was strictly dependent on histamine and interactions with histamine receptors H1R and H2R (24, 26) . Together, these studies identify peripheral mechanisms contributing to pelvic pain in a neurogenic cystitis model that mimics findings in IC.
Here, we examined central events by quantifying PRVinduced transcriptional changes in the mouse sacral spinal cord, the site of integration for many pelvic inputs (31) . Modeling of transcriptional responses suggested a role for Ca 2ϩ /calmodulin kinase II (CaMKII), and the ␦-isoform was specifically induced by PRV. CaMKII phosphorylation was elevated in the sacral spinal cord dorsal horn, and a CaMKII inhibitor attenuated pelvic allodynia, suggesting a functional role for CaMKII␦ in neurogenic cystitis pain.
MATERIALS AND METHODS

Animals.
Adult female C57BL/6J mice (10 -12 wk old) were purchased from Jackson Laboratory (Bar Harbor, ME). Mast celldeficient Kit W-sh /Kit W-sh mice on the C57BL/6J that were originally purchased from Jackson Laboratory were bred at Northwestern. All experiments were performed using protocols approved by Northwestern University Animal Care and Use Committee. Mice were housed in containment facilities of the Center for Comparative Medicine and maintained on a regular 12:12-h light-dark cycle with food and water.
Induction of neurogenic cystitis. Neurogenic cystitis was induced by injection of 2.3 ϫ 10 6 plaque-forming units of Bartha's PRV through the skin of isoflurane-anesthetized mice into the abductor caudalis dorsalis muscle using a 26-gauge Hamilton syringe. Ultraviolet-irradiated/heat-inactivated PRV stocks were employed as negative control (sham) inoculum in sham-treated mice, as previously reported (3) .
Behavioral testing. Mice were tested before PRV infection (baseline, PID 0), and on PID 1, 2, 3, and 4. Pelvic hyperalgesia and allodynia were quantified using von Frey filaments applied to the abdomen (19) . Mice were tested in individual Plexiglas chambers (6 cm ϫ 10 cm ϫ 12 cm) with a stainless steel wire grid floor (mouse acclimation period of ϳ10 min before testing). Frequency of withdrawal responses to the application of von Frey filaments to the abdomen was tested using five individual fibers with forces of 0.04, 0.16, 0.4, 1, and 4 g (Stoelting, Kiel, WI). Each filament was applied for ϳ1 s with an interstimulus interval of 2-5 s for a total 10 times, and the filaments were tested in ascending order of force. Stimulation was confined to the lower abdominal area in the general vicinity of the bladder, and care was taken to stimulate different areas within this region to avoid desensitization or "wind up" effects. Three types of behaviors were considered as positive responses to pelvic stimulation: 1) sharp retraction of the abdomen; 2) immediate licking or scratching of the area of filament stimulation; or 3) jumping.
RNA preparation and microarrays. The sacral spinal cord was dissected from mice immediately following euthanasia by cervical dislocation and stored at Ϫ80°C. All tissues were homogenized in ice-cold TRIzol with a homogenizer, and total RNA was purified according to manufacturer's instructions (Invitrogen, Carlsbad, CA). Gene expression was quantified using Affymetrix Mouse Genome 430 2.0 arrays that contain 45,101 probes and measure the expression level of 20,022 unique NCBI Entrez-identified genes. The data sets were preprocessed with normalization, variance stabilization, and log 2 transformation. Student's t-tests were used to identify genes significantly differentially expressed (P Ͻ 0.05 and 2-fold) between PID 0, 2, and 4. Hierarchical clustering of those genes differentially expressed between groups was performed using BRB-Array Tools version 4.1 (Molecular Statistics and Bioinformatics Section, National Cancer Institute, Bethesda, MD) developed by Dr. R. Simon and A. Peng (http://linus.nci.nih.gov/BRB-ArrayTools.html). Average difference values were normalized to median over the arrays. The data were filtered so that only those genes that were adequately measured on 75% of the arrays were included. A class comparison protocol was used to identify genes whose degree of expression differed significantly by twofold or more among the three groups. To visualize whole genome expression level by function and pathway, the microarray data were analyzed with Ingenuity Systems Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA). IPA analysis identified canonical pathways differentially expressed (P Ͻ 0.05) between PID 0, 2, and 4.
Real-time RT-PCR. To confirm the microarray results, the relative expression of eight inflammatory-and chemokine-associated genes was measured by real-time RT-PCR. RNA was reverse transcribed using an RT 2 First Strand Kit (SABiosciences, Frederick, MD), according to manufacturer's directions. Quantitative real-time PCR analysis was performed using RT 2 qPCR Mastermix (SABiosciences) in a MJ Research Chromo 4 thermocycler. The levels of mRNA were normalized to ribosomal protein L19 mRNA levels.
Immunohistochemistry and image analysis. All mice were anesthetized with isoflurane and perfused with 4% paraformaldehyde in 1ϫ phosphate-buffered saline (pH 7.4). Sacral spinal cords were rapidly dissected and postfixed in the same fixative overnight at 4°C. The tissues were soaked serially in 10% and 20% sucrose in phosphatebuffered saline for 1 h and 30% sucrose overnight, then frozensectioned on a sliding microtome at 5-10 m. After blocking with 10% normal goat serum, sections were incubated with anti-phosphoCaMKII (sc-12886-R, Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. Sections were then incubated with FITC-labeled goat anti-rabbit antibody (DAKO, Carpinteria, CA) for 1 h. Images were acquired using an epifluorescence and quantified using Volocity software (PerkinElmer, Waltham, MA). Pathways are associated where constituent genes exhibited expression elevated at postinfection day (PID) 4 relative to PID 0. Ratio is the number of genes expressed in the pathway divided by the total number of genes in the pathway. Intrathecal injection of drugs. Drug administration was performed in a volume of 5 l by a 30-gauge needle connected to a 25-l Hamilton syringe through an intervertebral space between L5 and L6, as described previously (12) . Success of the intrathecal (IT) injection was verified by a lateral tail-flick. Mice were administered with KN-93 (15-45 nmol) or KN-92 (30 nmol) 1 h before allodynia testing on PID 4.
Statistical analysis. Results were expressed as means Ϯ SE and analyzed for statistical significance by the ANOVA, followed by a post hoc test comparison using Dunnet's multiple comparison, using the GraphPad Prism (GraphpPad, San Diego, CA). A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
PRV induces pelvic pain. Pain originating from a visceral organ is typically referred to a corresponding "dermatome" on the skin that shares spinal innervations with the organ (28) . Therefore, to quantify bladder-associated pelvic pain, we assessed allodynia of the pelvic region in response to mechanical stimulation with von Frey filaments. Stimulation of the pelvic area of female C57BL/6J (B6) mice evoked baseline responses (pelvic withdrawal, jumping, or pelvic licking/scratching), where the percentage of responses increased as a function of force applied using graded filaments (Fig. 1A) . Following PRV infection, mice exhibited a progressively enhanced sensitivity to pelvic stimulation that became significant by PID 2, 3, and 4 (Fig. 1B) . This allodynia is consistent with the development of pelvic pain specifically in response to active PRV, as our laboratory has shown previously (24 -26) .
Gene expression profile of sacral spinal cord after PRV infection. To identify molecular mediators of PRV-induced pelvic pain, we quantified transcriptional changes in the sacral spinal cord. RNA was purified from spinal cords from mice at PID 0, 2, and 4. Affymetrix mouse genome arrays were used to quantify the message level of 20,022 unique genes. After array normalization and initial expression filtering, 593 genes were identified level as being differently expressed among PID 0, 2, or 4 using BRB Array Tools version 4.1 (P Ͻ 0.05). The global changes in sacral spinal cord expression in response to PRV infection were identified by the hierarchical clustering of the variance-normalized expression profiles (Fig. 2) . The expression profile on PID 2 was similar to that of PID 0, whereas, on PID 4, there were substantial differences in gene expression. IPA identified a significant increase of several intracellular signaling pathways that are important for antiviral responses and inflammation. The five most significant canonical pathways are shown in Table 1 and encompass responses characteristic of both chronic diseases and acute infection, including pattern recognition receptors and systemic lupus erythematous. Thus PRV infection induces a robust transcriptional response in the sacral spinal cord during the development of pelvic pain.
Validation of microarray findings by real-time PCR.
To confirm our microarray findings, we performed quantitative RT-PCR analysis on sacral spinal cord from PID 0, 2, and 4. Since inflammatory responses were highly induced, we chose eight inflammation-associated genes as targets for validation that represented a wide range of response, from 4-fold to 125-fold induction. Like the microarray studies, RT-PCR analyses confirmed that each of the eight validation targets was induced (Fig. 3A) . Moreover, RT-PCR and microarray data were significantly correlated (Fig. 3B, R 2 ϭ 0.8649), suggesting that microarray data are appropriate for modeling using pathway analysis tools. Mast cell-dependent induction of CaMKII. Pelvic allodynia occurred at PID 2, yet major changes in gene expression were largely observed at PID 4 ( Figs. 1-3 ). This suggested that subtle changes in gene expression mediating pain responses occurred by PID 2. IPA modeling of dorsal horn neuropathic pain signaling pathways in PID 2 and 4 identified a central role for CaMKII (Fig. 4A) . CaMKII belongs to a family of multifunctional serine/threonine kinases activated in response to increases in intracellular calcium (reviewed in Ref. 34 ). There are four CaMKII genes, ␣, ␤, ␥, and ␦, and each gene yields several isoforms through alternative splicing. CaMKII isoforms assemble into homo-or heteromultimeric holoenzymes composed of 8 -12 subunits. The binding of Ca 2ϩ /calmodulin to its regulatory domain releases its autoinhibitory effect and activates the kinase. The activated CaMKII then undergoes autophosphorylation at a highly conserved threonine residue to render the kinase constitutively active. The microarray data showed that CaMKII␦ mRNA increased during PRV infection, whereas other isoforms remained constant; therefore, we focused on CaMKII␦ and confirmed expression by quantitative RT-PCR (Fig. 4B) . CaMKII␦ expression induced a 32.6-fold increase in sacral spinal cord at PID 2 and a 21.8-fold increase at PID 4. This was consistent with the microarray data, where CaMKII␦ was increased 1.7-fold at PID 2 and 4.4-fold at PID 4. Since we previously found that mast cells mediate allodynia in PRV cystitis (24), we examined CaMKII␦ expression in mast cell-deficient Kit W-sh /Kit W-sh "sash" mice during PRV infection. In contrast to wild-type mice, PRV did not induce CaMKII␦ expression in mast cell-deficient sash mice, suggesting that CaMKII␦ induction is a response to peripheral events that depend on mast cells, rather than a direct effect of PRV on CaMKII␦ gene expression within the central nervous system. Phosphorylated CaMKII was then examined by immunohistochemistry to evaluate potential activation of this pathway by PRV. Phospho-CaMKII immunoreactivity was localized to the superficial dorsal horn, and quantitative analyses indicated that phospho-CaMKII accumulated from PID 0 to PID 4 (Fig. 5) . Thus the increase in CaMKII in RNA and CaMKII phosphorylation in the dorsal horn suggest a potential role for CaMKII in pain, as predicted by IPA, and the absence of CaMKII induction in mast cell-deficient mice supports a requirement for peripheral events in allodynia of neurogenic cystitis.
CaMKII contributes to pelvic pain of neurogenic cystitis. We sought to determine whether CaMKII plays a functional role in pelvic allodynia induced by PRV. PRV-infected C57BL/6 female mice were treated by IT administration of a selective CaMKII inhibitor, , that competes with Ca 2ϩ / calmodulin for binding to CaMKII (29) . KN-93 blocks activity of all CaMKII isoforms and has been shown previously to attenuate allodynia in mouse and rat pain models (7, 8) . To determine whether PRV-induced visceral pain is similarly responsive to KN-93 as models employed in prior studies, we initially performed a dose-response experiment in the PRV model. Similar to previous studies (6), we observed the greatest attenuation of allodynia at 30 M (Table 2) . Sham-treated mice were administered the inactive control compound KN-92, and KN-92-treated mice showed no significant change in allodynia. In contrast, mice treated with KN-93 exhibited significantly decreased pain responses 1 h after treatment (Fig. 6 ). These data demonstrate that pelvic pain of neurogenic cystitis can be significantly attenuated by a CaMKII antagonist.
DISCUSSION
The purpose of the present study was to identify genes underlying pain in a murine model of IC induced by PRV Bartha. IPA analysis identified a significant increase of several pathways important for the microbial responses and inflammation (e.g., role of pattern recognition receptors in recognition of bacteria and viruses, cross talk between dendritic cells and natural killer cells, and dendritic cell maturation). This is in agreement with studies of rat brains infected with PRV 152, a derivative of PRV Bartha, that revealed the host transcriptional response after 96 h was dominated by induction of immune and proinflammatory genes (23) . In addition, many immune response genes are upregulated in pig brain naturally infected with PRV (33) . Here, we extend these observations by highlighting a potential signaling pathway mediating pain during PRV infection.
IPA analysis identified a potential candidate gene in neurogenic cystitis pain, CaMKII. Compared with PID 0, a significant increase of phospho-CaMKII immunoreactivity was observed in the superficial dorsal horn of the sacral spinal cord Values are means Ϯ SE. Inhibition is expressed as ratio of allodynia following KN-93 to allodynia preceding treatment at day 4 following pseudorabies virus.
after PRV infection. The increase of phospho-CaMKII immunoreactivity appeared on PID 2, coupled with accumulation of CaMKII mRNA. Since phospho-CaMKII may activate its own transcription and translation, it may act in a positive-feedback loop in the dorsal horn during neurogenic cystitis (16, 21) . Consistent with this, we note that Yuan and colleagues identified that CaMKII was upregulated, along with calcium signaling pathways, in PRV-infected pig brain and lung (33) . Thus CaMKII is a potential diagnostic marker and therapeutic target for pelvic pain and other chronic pain syndromes.
The periphery may play a key role in the central pathways mediating pain during PRV infection. Our laboratory previously demonstrated that bladder mast cells mediate both pain and bladder pathology in neurogenic cystitis (3, 18, 24 -26) . Apoptotic lesions of the bladder urothelium were abrogated in mast cell-deficient mice, and inhibiting bladder mast cell trafficking with antibodies against the mast cell chemokine RAN-TES (regulated upon activation normal T-cell expressed and secreted) attenuated urothelial apoptosis and stabilized transepithelial resistance characteristic of intact urothelium (4, 5) . However, pelvic allodynia associated with PRV proved independent of the TNF-mediated bladder pathology and was instead dependent on mast cell histamine, demonstrating a requirement for peripheral inputs in pelvic pain during PRVinduced neurogenic cystitis (24, 26) . CaMKII mRNA accumulation peaks at PID 2 and precedes accumulation of phosphoCaMKII immunoreactivity at PID 4, whereas mast activation and cell trafficking are detectable at PID 2 and complete by PID 3. Since PRV-induced allodynia is progressive, these differential kinetics suggest that CaMKII activation in the dorsal horn is a response to mast cell activation in the periphery. Indeed, mast cell-deficient mice displayed impaired CaMKII mRNA induction, suggesting CaMKII activation results from peripheral inputs. Together, these findings clarify the sequence of events in neurogenic cystitis and suggest that central activation of bladder efferents leads to bladder mast cell activation through neurokinin receptor 1 (26) . Mast cell activation and secretion of histamine, in turn, leads to excitation of bladder sensory afferents through histamine receptors H1R and H2R (24, 26) and, subsequently, to central induction of CaMKII as a result of the mast cell-dependent peripheral signal. Our laboratory previously reported that PRV allodynia was modulated by the colon (25) . Since PRV cystitis is not associated with colonic pathology (25) , this colonic modulation is likely due to the effects of summation mechanisms on the convergence of gastrointestinal inputs with bladder inputs within the spinal cord (17, 18) . Thus central activation of bladder mast cells triggers both bladder pathology and pelvic pain. Additional experiments are required to determine whether colonic modulation of pain is associated with corresponding modulation of CaMKII and whether CaMKII is differentially involved in the establishment and/or maintenance of pain.
Since PRV infection induced expression and phosphorylation of CaMKII in spinal cord, and IPA analysis indicated a potential role of CaMKII in dorsal horn pain signaling, we examined the functional role of CaMKII in pelvic pain. KN-93, a specific CaMKII inhibitor, competitively blocks Ca 2ϩ /calmodulin binding to the CaMKII, and thus prevents activation. KN-93 has been shown previously to attenuate allodynia in a rat model of mononeuropathy induced by the chronic constriction injury of the sciatic nerve (8) . Similarly, KN-93 attenuates allodynia in a mouse pain model induced by subcutaneous formalin injection into the plantar surface of the hind paw (7). PRV-infected mice treated with IT KN-93 exhibited significantly decreased pelvic allodynia, suggesting that CaMKII contributes to initiation and/or maintenance of pelvic pain of PRV neurogenic cystitis. Therefore, CaMKII is central to pain responses in multiple and diverse pain models and thus represents a therapeutic target. Indeed, trifluoperazine is an orally available antipsychotic drug that inhibits CaMKII. Trifluoperazine has recently been shown to reverse mechanical allodynia and thermal hyperalgesia induced in spinal nerve ligation and complete Freund's adjuvant pain models (6, 22) . This raises the possibility of targeting CaMKII at the dorsal horn with the convenience of oral therapies for pain.
In summary, our findings suggest that activation of CaMKII in sacral spinal cord plays an important role in the process of generating and maintaining pelvic pain of neurogenic cystitis. Specific inhibitors of CaMKII are potential therapeutic agents for the treatment of neuropathic pain, including IC. 
